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摘 要 
Axin 是一种重要的抑癌因子，在 Wnt 信号通路中作为具有多功能域的构
架蛋白起着下调β-catenin 水平的作用。它还能通过与 MEKK1 结合来激活 JNK
激酶。值得注意的是，除了与 MEKK1 结合外，Axin 还需要多种其它因素才
能活化 JNK 激酶，这些因素包括 Axin 的同源寡聚化、Axin C 末端的 SUMO
化和 Axin 的 PP2A 结合区域的完整。除此之外，Axin 活化 JNK 激酶可能还
存在其它影响因素。因此，本论文拟采用生物化学和分子生物学方法，进一
步阐明 Axin 激活 JNK 所需的结构基础和分子机制。本论文研究发现，Axin
还能与 MEKK 家族另一成员 MEKK4 结合；Axin 与 MEKK4 的结合同样能介
导 Axin 活化 JNK 激酶；MEKK4 的显性负作用突变子能有效抑制野生型 Axin
的 JNK 活化活性；Axin 能在缺失 MEKK1 的胚胎成纤维细胞中有效地激活
JNK，说明除了 MEKK1 外，还有其它的 MEKK 能介导 Axin 活化 JNK；用
RNA干扰法特异性地抑制MEKK4表达能够抑制野生型Axin在 MEKK1缺失
的胚胎成纤维细胞以及不能结合 MEKK1 的 Axin 缺失突变体在 293T 细胞中
对 JNK 的激活，证明 MEKK4 确实是另一个能介导 Axin 活化 JNK 激酶的
MEKK。同时本论文还发现了 Axin 的另一个与活化 JNK 密切相关的区域并命
名为 X 结构域。有趣的是，Axin 与 MEKK1 结合的区域与 MEKK4 结合区域
不同，分别位于近 N 端和近 C 端的区域；即便如此，本论文发现不论是在体
内还是体外，MEKK4 和 MEKK1 相互之间竞争与 Axin 的结合，表明任何一
方的先结合可导致Axin构象变化而不能与另一MEKK结合，同时也提示Axin
可能通过选择性地与 MEKK1 或 MEKK4 结合来接受胞外不同信号的刺激来
激活 JNK 激酶。本论文还发现，Wnt 通路的分子 GSK-3β和 CKI 能够通过与
MEKK4竞争结合Axin来抑制MEKK4介导的Axin活化 JNK的活性， GSK-3β
和 CKI 的激酶活性与此竞争作用无关。 
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后，本论文还对 Coiled-coil-DIX1 (Ccd1)对 Axin 活化 JNK 激酶的影响进行了
研究。Ccd1 是一个新发现的具有 DIX 结构域的蛋白质，在 Wnt 信号通路中
发挥正调控子的作用。本论文研究发现，Ccd1 能够有效地抑制 Axin 活化 JNK
激酶的活性，这种抑制作用需要 Ccd1 的 DIX 结构域和 coiled-coil 结构域的存
在；有趣的是，Axin 与 Ccd1 的结合不是通过 Axin 的 DIX 结构域，而是 DIX
结构域 N 端的一个新结构域；与 Ccd1 结合的 Axin 不能与 MEKK1 结合，而
且 Ccd1 能够通过其 coiled-coil 结构域与 MEKK4 在体内或体外紧密结合，从
而抑制 MEKK4 与 Axin 之间的结合。因此，本论文发现 Ccd1 通过一个双重
机制来抑制 Axin 活化 JNK 激酶，其一是与 MEKK1 竞争与 Axin 的结合，其
二是与 MEKK4 紧密结合来妨碍 Axin 与 MEKK4 的结合，因而阻断了 Axin
活化 JNK 必需的因素之一―与 MEKK 结合。 
    综上所述，本论文首次发现 MEKK4 和 MEKK1 一样能够独立介导 Axin
活化 JNK 通路，进一步阐明了 Axin 活化 JNK 的分子机制和所需的结构基础，
揭示了 Axin 活化 JNK 通路的复杂性，并在此基础上探讨了其他信号通路的
分子如 GSK-3β、CKI、Ccd1 对 Axin 活化 JNK 的影响及其分子机制，丰富和
完善了 Axin/JNK 通路的有关知识，对充分认识 Axin 作为骨架蛋白在各信号
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Abstract 
Axin is a multidomain protein that plays a critical role in Wnt signaling, serving as 
a scaffold for down-regulation of β-catenin. It also activates the JNK 
mitogen-activated protein kinase by binding to MEKK1. However, it is intriguing 
that Axin required several additional elements for JNK activation, including a 
requirement for homodimerization, sumoylation at the extreme C-terminal sites, 
and a region in the protein phosphatase 2A binding domain. In my doctoral studies, 
I showed that another MEKK family member, MEKK4, also binds to Axin in vivo 
and mediates Axin-induced JNK activation. Surprisingly, MEKK4 binds to a 
region distinct from the MEKK1-binding site. Dominant negative mutant of 
MEKK4 attenuates the JNK activation by Axin. Activation of JNK by Axin in 
MEKK1-/- mouse embryonic fibroblast cells supports the idea that another MEKK 
can mediate Axin-induced JNK activation. Expression of specific small interfering 
RNA against MEKK4 effectively attenuates JNK activation by the MEKK1 
binding-defective Axin mutant in 293T cells and inhibits JNK activation by 
wild-type Axin in MEKK1-/- cells, confirming that MEKK4 is indeed another 
mitogen-activated protein kinase kinase kinase that is specifically involved in 
Axin-mediated JNK activation independently of MEKK1. I also identified an 
additional domain between MEKK1- and MEKK4- binding sites as being required 
for JNK activation by Axin. MEKK1 and MEKK4 compete for Axin binding even 
though they bind to sites far apart, suggesting that Axin may selectively bind to 
MEKK1 or MEKK4 depending on distinct signals or cellular context. Furthermore, 
components of Wnt signaling pathway, GSK-3β and casein kinase I α/ε could 
inhibit MEKK4-mediated JNK activation by Axin by competing against MEKK4 
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Upon completion of the studies on MEKK4 function in the Axin/JNK pathway, I 
studied another Wnt regulator, Coiled-coil-DIX1(Ccd1). Ccd1 is a novel protein 
that contains a DIX domain and plays an important role in Wnt signaling. It has 
been shown that Dishevelled, another positive regulator of Wnt signaling contains 
the DIX domain, could attenuate Axin-activated JNK activity by disrupting Axin 
homodimerization. I asked if the new DIX-domain protein also exerted a 
regulatory role in the Axin-mediated JNK activation. It was shown that Ccd1 itself 
could not activate JNK, furthermore it drastically inhibited JNK activation by Axin. 
Ccd1 required its DIX domain and coiled-coil domain for inhibition of JNK 
activation by Axin. Interestingly, Axin utilizes a novel domain upstream of DIX 
domain to interact with Ccd1. Consistently, Ccd1 could not interfere with the 
heterodimerization of Axin and Dishevelled. I also found that Axin, when 
complexed with Ccd1, did not bind to MEKK1. Furthermore, Ccd1 physically 
interacted with MEKK4 in the physiological concentration, preventing its binding 
to Axin. I have therefore demonstrated that Ccd1 inhibits Axin-mediated JNK 
activation by simultaneously adopting two distinct mechanisms, one through 
conformational changes that disallow MEKK1 binding, and the other via direct 
sequestration of MEKK4. 
 
In sum, my studies have revealed several aspects of structural and biochemical 
basis for the Axin/JNK pathway. My findings will provide new insights into how 
the scaffold protein Axin mediates ultimate activation of different 
mitogen-activated protein kinase kinase kinases. 
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